Abstract: Based on the general relationship described by Cheng between the drag coefficient and the Reynolds number of a particle, a new relationship between the Reynolds number and a dimensionless particle parameter is proposed. Using a trial-and-error procedure to minimize errors, the coefficients were determined and a formula was developed for predicting the settling velocity of natural sediment particles. This formula has higher prediction accuracy than other published formulas and it is applicable to all Reynolds numbers less than 2×10
Introduction
The settling velocity of sediment particles, also called the terminal or fall velocity, is one of the key variables in the study of sediment transport and is important in understanding suspension, deposition, mixing and exchange processes. Nevertheless, it is still difficult to accurately predict the settling velocity, even for a single spherical particle. For its engineering application, the settling velocity for single particles, s W , has been extensively studied. The drag coefficient, Cd, is inversely proportional to the particle Reynolds number, which is defined as s Re W d ν = (where Re is the Reynolds number, d is the particle diameter and ν is the fluid kinematic viscosity), when Re < 1 (Stokes flow). Later studies (Dallavalle 1948; Schlichting 1979) showed that Cd approaches a constant if Re > 10 5 (turbulent flow). If the effective weight is considered equivalent to the Newtonian expression of drag resistance, Cd can be defined as follows: 
Likewise, the turbulent flow settling velocity can be expressed as
Most of the existing quasi-theoretical or semi-empirical formulas are based on these two asymptotic solutions, Eq. (2) and Eq. (3) (McGauhey 1956; Zanke 1977; Concha and Almendra 1979; Turton and Clark 1987; Zhang 1989; Julien 1995; Soulsby 1997; Cheng 1997; Ahrens 2000; Guo 2002; Jimenez and Madsen 2003; Brown and Lawler 2003; She et al. 2005; Camenen 2007 ). The object of this paper is to establish a new relationship between the Reynolds number and a dimensionless particle parameter, and present a simple formula for predicting the settling velocity of natural sediment particles that is applicable to a wide range of Reynolds numbers from Stokes flow to turbulent regime. The precision of the present formula is tested by its comparison with other published formulas.
2 Development of an expression for the settling velocity Cheng (1997) pointed out that the relationship between Cd and Re takes a similar form in many semi-empirical equations for the drag coefficient. Its basis is the asymptotic behavior of both the settling velocity and Re. This recognition leads to an expression for Ws that utilizes a dimensionless particle parameter. The process was described by Camenen (2007) , and is outlined below. Cd and Re are related such that
where n is an exponent. The dimensionless particle diameter is defined as
This definition is incorporated into Eq. (1), the relationship between drag resistance and dimensionless particle diameter can be expressed as:
Finally, the settling velocity can be calculated when Eq. (4) and Eq. (6) are combined:
Various values for A, B and n that have been used by different authors for spherical particles and natural sediment particles are listed in Table 1 . Camenen (2007) proposed three equations, one for each of the coefficients in Eq. (7), that took into account the shape and roundness of the particles. This method allows Eq. (7) to produce better results for particles of different shapes, sizes and densities, but it is slightly difficult to put into practice; especially when n = 1.5, its results are not as accurate as those of the formula proposed by Cheng (1997) . Therefore, it is necessary to work out another formula for predicting the settling velocity of natural sediment that is both simple and highly accurate. 
Finally, we obtain the following solution for the settling velocity, which is similar to Eq. (7) and applicable to all Reynolds numbers less than 2×10 5 :
Values from previous studies for A, B and n in Eq. (10) are listed in Table 2 . Jimenez and Madsen (2003) proposed that coefficients A and B depend on characteristic values of the particle roundness factor, but did not give the relative equations for them, so it is inconvenient to apply their method in engineering. Furthermore, of the above authors, only Guo (2002) and Jimenez and Madsen (2003) In fact, coefficients A, B and n in Eq. (10) are not constants; they are complicated functions of the shape and roundness of the natural particles, as noted by Camenen (2007) about their theoretical explanation, this makes the formula difficult to use in many sediment engineering problems. In view of the potential engineering applications, it is necessary to seek a more accurate formula than Eq. (10) for utilizing constant coefficients A, B and n. Using a trial-and-error procedure to minimize the error between predicted data calculated with Eq. (10) and experimental data provided by Engelund and Hansen (1972) and Cheng (1997) , we can derive the coefficients, i.e., A=32.2, B=1.17, and n=1.75 , and obtain the following formula: 
Formula comparison
In this section, Eq. (11) was compared with other published formulas, and the result shows that Eq. (11) has a higher degree of accuracy in predicting the settling velocity of natural sediment particles.
Different scholars have proposed many settling velocity formulas for both spherical and non-spherical particles. The following formulas for natural sediment particles were chosen for comparison.
From Zhu and Cheng (1993): ( ) From Cheng (1997): ( ) Table 3 presents a comparison of calculated settling velocities using formulas (11) to (16) with the experimental data from Engelund and Hansen (1972) and Cheng (1997) . The accuracy of each formula is determined by the average value of the relative error, defined as
and the coefficient of variation, defined as
where Wsc stands for the value calculated from the equations, Wse for the experimental value and N for the number of data points (She et al. 2005) . Table 3 and Figure 1 demonstrate that: (1) The new formula (11) is significantly more accurate than those of Ahrens (2000) and She et al. (2005) , and slightly more accurate than those of Zhu and Cheng (1993) , Cheng (1997) and Guo (2002) , in addition to being simpler than all except that of Guo (2002) 
Concluding remarks
(1) The results of this study expand the existing formulas for calculating the settling velocity of natural sediment particles. The results also verify the relationships derived by McGauhey (1956) , Swanson (1967 Swanson ( , 1975 , Turton and Clark (1987) , Guo (2002) , Brown and Lawler (2003) , and Jimenez and Madsen (2003) that express the settling velocity (or particle Reynolds number) of spherical particles or natural sediment particles in terms of the dimensionless grain size in a simpler form with three coefficients.
(2) The three coefficients in the proposed Eq. (10) can be determined by a trial-and-error procedure in order to minimize errors. The Eq. (11) obtained has a higher degree of prediction accuracy than other published formulas and it is suitable for engineering application.
